Abstract-This paper illustrates the design, implementation and kinematics of a novel circular pneumatic muscle actuator (CPMA), inspired by the skeletal muscles of a human. The variation of the inner diameter of this actuator is a unique feature. Furthermore, CPMA produces a radial force towards its centre by increasing the diameter of the actuator itself in addition to the reduction in the inner diameter. These performances make the presented actuator suitable to use in numerous applications. The grasping by a soft gripper is chosen as an application to design an efficient soft gripper by using single and multiple CPMAs.
I. INTRODUCTION
Biological inspiration provides numerous artificial benefits to our lives, such as a pneumatic muscle actuator (PMA), which was presented by Joseph L. McKibben in the 1950's and is built from an inner rubber tube bound by a braided sleeve [1] . The construction of the PMA defines the type of actuator. By selecting the length of both the inner tube and the braided sleeve, the PMA acts as a contraction actuator if the braided angle (θ), which is measured between the braided stand and the vertical line, is less than 54.7 0 [2] [3] , and as an extension actuator if the angle is more than 54.7 0 [4] . Fig. 1 shows the braided angle of the PMA for both the contractor and the extensor actuators. Moreover, the PMA will produce a tensile force for the contractor type and an extension force for the extensor PMA. The force value for both types depends on the structure and the material specifications of the PMA [1] [5] .
It is primarily over the last few decades that researchers have developed soft actuators. As a result, soft robotics have been extensively used in numerous areas. Researchers from different fields, such as material science, physics, biology, mechanical and control engineering, have a big interest in such types of robots [6] . This developing research field focuses on robots made of soft materials, which increases the safety of human-robot interaction, and makes the robot more compliant in its environment [7] [8] . An infinite number of degrees of freedom (DOF) is achievable with soft robots due to the bending capability of the soft actuator [9] . Soft robots have an advantage over rigid robots, as they produce only a slight resistance to obstacles and can adapt to them. Consequently, soft and fragile payloads could be handled without causing any damage [10] .
Important research has been done on the design, implementation and modelling of the soft actuators and continuum arms. Among the improvements made is the PneuNet actuator by Ilievski, et al. [11] . The authors present a bending actuator by changing the wall thickness. This actuator is easy to manufacture but the ratio of the elasticity that can be achieved is too limited. To overcome this limitation, Deimel and Brock [12] used a PneuFlex actuator which implants polymer fibres to reinforce the rubber substrate. The elasticity of the polyethylene terephthalate (PET) material is three to four times less than silicon. AlIbadi, et al. [13] designed a self-bending contraction actuator (SBCA) by inserting a reinforced flexible rod to one side of the contraction PMA to achieve a bending behaviour. AlFahaam, et al. [14] proposed a bending behaviour by modifying the structure of the extensor PMA by using a high-tension thread to reinforce one side of the covered sleeve.
Faudzi, et al. [15] used the efficiency of the braided angle on the actuators performance to design a bending behaviour by using two different braided sleeves of different braided angles to cover the inner tube of the contractor PMA.
In this paper, a novel design of a circular pneumatic muscle actuator (CPMA) has been proposed. The kinematics of the new actuator is presented then a grasping application is suggested to validate the performance of the CPMA. 
II. HUMAN FACIAL MUSCLES
Human facial muscles have unique features. They lie on the top of the body joints and their function is either to open and close the orifices of the face, or to pull the skin into intricate actions, creating facial expressions.
There is little information about the structure and performance of the facial muscles in comparison to other skeletal muscles in the body [16] .
Martini, et al. [17] argue that muscle tissues share four basic properties: 1-Excitability: the ability to respond to stimulation  Skeletal muscles normally respond to stimulation via the nervous system.  Cardiac and smooth muscles respond to the nervous system and circulating hormones.
2-Contractility: the ability to actively shorten and exert a pull or tension that can be harnessed by connective tissues.
3-Extensibility: the ability to continue to contract over a range of resting lengths.
4-Elasticity: the ability of a muscle to rebound toward its original length after a contraction.
The circular "Orbicularis Oculi" muscle controls the movements of both the mouth and the eyes. This singular type of human skeletal muscle inspired us to design the CPMA, which has an ability to decrease its inner area by shrinking the outer and inner circumference and increase its diameter.
III. THE DESIGN OF THE CPMA
The way to build a contraction PMA is also used to design and implement the CPMA. Similar lengths of a braided sleeve of 2.5 to 4.5 cm diameter variation and a rubber tube of 1.1 cm diameter are used to build the CPMA.
The two ends are connected together by a 5 cm aluminium cylinder.
By pressurising the actuator, both the outer and the inner diameter of the CPMA will reduce, while the diameter of the actuator itself will increase until the braided angle reaches its critical value or the maximum value of the sleeve diameter is achieved. The triple diameter changes lead to a decrease in the opening area.
The opening area at relaxed condition (zero air pressure) depends on the rest length of the braided sleeve and its diameter.
IV. THE KINEMATICS OF THE CPMA Fig. 3.a-b illustrates the geometrical analysis of the PMA and the contractor actuator of length L and diameter D. By bending this actuator until the two ends connect to each other, the resulting shape is two overlapping circles as shown in Fig.3 .c.
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Where θ is a braided angle and n is the turn numbers of strand length b.
Assuming that the diameter D of the contraction actuator in Fig. 3 .b is equal to the diameter of the CPMA and from Fig. 3 .c:
Where D in is the inner diameter of CPMA and D out is the outer diameter. The outer circumference (L out ) and the inner circumference (L in ) of the CPMA are defined in (3) and (4) as follows:
Assuming:
By substituting (5) in (3):
By substituting (1) and (6) in (2):
Or:
From (4):
The contraction ratio for the contractor PMA is defined by:
Where: L 0 is the length of the contraction actuator in the relaxed condition. By substituting (11) in (9):
From (8) and (12) the inner diameter and the inner circumference of the CPMA can be determined from the geometrical analysis of the contraction actuator.
V. THE RADIAL FORCE OF THE CPMA
At pressurised conditions, the CPMA applied a force towards the centre of the actuator, along the radius. This force is created due to the shortness of the inner diameter.
By applying a virtual work law, the derivative of the input work (W in ) of the actuator is:
Where: p is the actuator pressure in (kPa) and V is the actuator volume in (m 3 ). Fig. 4 shows the CPMA as a cylinder. The base area is a circular diameter D in and the height is the actuator diameter D.
Both the inner diameter and the actuator diameter are changing with pressure which causes force (F) towards the centre, and the derivative of the output work (W out ) is:
Assuming that the losses are zero, the change in input work is equal to the change in output work: =
The volume of the cylinder V equal to:
From (1) the height of the cylinder is:
Substituting (7) and (18) in (17):
Differentiation in both the volume and the height with respect to θ gives:
Then:
And:
Substituting (21) and (22) in (20) gives: 
Since the effective circumference is less than the actual length due to the length of the solid cylinder, then:
Where: Ĺ is the effective outer circumference and L s is length of the solid cylinder. Furthermore, assuming the required pressure to get a contact between the inner tube and the braided sleeve is p 0 , then:
VI. DESIGN A SOFT GRIPPER
A novel design is proposed in this section by using the extensor PMA and the CPMA. Fig. 5 explains the structure of this gripper, which is built using three 18 cm extensor actuators and one CPMA.
The extensor actuators provide an ability to extend and bend in addition to increasing the gripper's stability, while the grasping occurs due to the CPMA, which is made at a 30 cm relaxed length. The maximum inner diameter of the gripper is 7.8 cm.
Experiments have been done to define the performance of the proposed gripper. Air pressure is applied by using a solenoid valve to the extensor actuators, which changes the length of the gripper. The length of the gripper changes with pressure until it reaches the maximum length of 24 cm at 500 kPa with an extension ratio of 33%. Then pressure is applied to the CPMA and the inner diameter is reduced to the minimum of 4.45 cm at 400 kPa. Fig. 6 shows the diameter and the length as a function of pressure. Further air pressure is added to the contractor ring but the inner diameter remains constant because the contractor muscle reaches its maximum contraction ratio. Therefore, the percentage of the diameter reduction after the 400 kPa can be ignored.
The diameter reduction ratio (DRR) can be calculated from (27) and it is equal to 43% for the presented gripper. This gripper provides an infinite number of contact points between the inner surface of the CPMA and the object to be handled. This preference increases the applied force and provides a significant grasping stability. On the other hand, pressurising the extensor PMAs simultaneously results in increasing the gripper length, as shown in Fig.6 , while different pressure amounts in each actuator lead to moving the ring in multiple directions. The maximum angle is 61 0 in relation to its original position and can be achieved by applying air pressure to one actuator at no load. These performances increase the efficiency of the gripper by adding the bending behaviour.
To explain the pressure-payload characteristic for this gripper, an experiment has been done by selecting multiweight cylindrical objects of 6 cm diameter. The load starts at 0.5 kg and is then increased by 0.5 kg steps. At each step, the applied air pressure is raised to prevent slipping. Fig. 7 illustrates the experimental results and shows that the maximum payload for the presented gripper is 10.9 kg for the 6 cm object and the payload-pressure characteristic is linear above the 1.5 kg load. The parameter to be controlled for the presented gripper is the air pressure in the CPMA, which provides an easy strategy for achieving the grasping operation. Objects of various shapes can be grasped, however, their size has to be limited to no more than 3.9 cm between the object's centre and its edge. Fig. 8 shows the grasping of different objects using the proposed gripper. Different object shapes and weights require a different grasping force. However, the proposed gripper provides equal grasping force for all contact points between the objects and the CPMA.
VII. THREE CPMAS GRIPPER
In this section, the proposed gripper is redesigned by increasing the number of the CPMAs to three in order to increase the grasping payload. In this design, the length of the gripper at zero pressure is 27 cm and it is increased to 38.1 cm at 500 kPa. The extension ratio for the extensor muscles is 41%. The diameter of the CPMA varies from 8 cm to 4.3 cm for the maximum pressure of 400 kPa. The diameter reduction ratio for these rings is 46%. Fig. 10 illustrates the three-ring gripper and its performances, which are illustrated in Fig. 11 .
A similar experiment in section VI is used to define the grasping load of the three-ring gripper. For a cylindrical object with a 6 cm diameter, the gripper can grasp up to 40 kg while its weight is 0.8 kg. 
VIII. CONCLUSION
A novel circular pneumatic muscle actuator (CPMA) inspired by human skeletal muscles is presented in this paper. The construction of the CPMA and its kinematics are proposed to explain the performance of the actuator.
The actuator produces a force towards its centre. The force is formulated with respect to the outer circumference and the braided angle.
To validate the proposed actuator, two grippers of one and three CPMAs are designed. The soft gripper shows that the single CPMA produces a grasping force of up to 10.9 kg for a selected cylinder object, and the three-CPMA gripper applies a grasping force of 40 kg.
In the future, a control system could be designed to control the grasping force of the presented actuator. 
